The behaviour of herpes simplex virus type 1 (HSV-I) strain 17 in tissue cultures of PC12 cells treated with nerve growth factor (NGF) was studied. PC12 cells respond to NGF by ceasing to proliferate and extending long neurites. After differentiation with NGF, cultures were infected with HSV-1 and maintained in the presence of the hormone for several weeks. These longterm infected cultures were tested for HSV DNA, transcripts and the ability to produce virus, before and after NGF removal. Before NGF removal, the cultures were characterized by little or no virus production and the presence of HSV-1 DNA in a predominantly endless form. In situ analysis of long-term infected cultures revealed latency-associated transcript expression in only a portion of the cells. However, as shown by an infectious centre assay, virus was present in almost all cells in the population. Moreover, removal of NGF from long-term cultures resulted in the appearance of significantly increased amounts of virus in the media. The degree to which this system resembles HSV latency in vivo is discussed.
The usual course of herpes simplex virus (HSV) infection in people involves an initial phase of replication at or near the site of entry followed by the disappearance of the virus (Roizman & Sears, 1987) . However, even in the absence of all clinical manifestations, virus genetic information has been shown to persist within peripheral neurons that innervate the peripheral entry site (Cook et al., 1974) . The persistence of virus genetic information in the host in the absence of clinical disease, is called latency.
The state of the viral genome and transcriptional activity in neurons derived from latently infected animals and humans has been extensively studied. For example, in trigeminal ganglia isolated from latently infected mice following corneal infection, the virus genome exists as a circular episome (Fraser et al., 1991) . Viral transcription in these cells is restricted to one contiguous region of the virus genome located within the internal repeats (Deatly et al., 1988; Fraser et al., 1991; Stevens et al., 1987; Wagner et al., 1988) . These are called LATs, an abbreviation for latency associated transcripts (Wagner et al., 1988) , and they have also been detected in peripheral nervous tissue derived from latently infected patients (Croenet al., 1987; Fraser et al., 1991) .
Most studies of latency have been conducted with animal models, but a tissue culture system that accurately reflects the in vivo situation would be very useful since animal studies are costly, time-consuming and ethically restricted. There have been several reports of promising tissue culture models. Some of these systems use immortalized cells, derived from either human B cells or fibroblast cultures (Thiele et al., 1989; Russell & Preston, 1986) , or defective virus (Geller & Breakfield, 1988) . Another system, using primary cultures of dissected dorsal root ganglia, has many properties of the in vivo system including restricted transcription of the HSV genome and impaired reactivation of thymidine kinasenegative virus (Wigdahl et al., 1982; Wilcox & Johnson, 1988; Wilcox et al., 1990 Wilcox et al., , 1992 . However, preparation of dissected dorsal root ganglia is inconvenient. All of these systems require the use of pharmacological, physical or immunological manipulations to inhibit virus replication.
Here, we describe the behaviour of HSV-1 strain 17 in a tissue culture model of latent or persistent infection. Briefly, cells of the rat phaeochromocytoma line, PC12, were differentiated with nerve growth factor (NGF). In response to NGF, PC12 cells cease to divide and acquire many properties characteristic of peripheral nervous tissue (Greene & Tischler, 1976) . For example, NGFtreated PC12 cells produce catecholamines and extend long neuritic processes that can support action potentials and form neuromuscular junctions (Greene & Tischler, 1976) . It was therefore of interest to know the fate of HSV in these cells. Others have reported that PC12 cells, grown on collagen-coated plates and treated with NGF 0001-2329 © 1994 SGM Fig. 1 . NGF-treated PC 12 cells, before and after long-term infection with HSV-1. PC 12 cells growing in the absence of NGF are shown in (a). PC12 cells, seeded and treated with NGF, were left uninfected (b) or infected for 4 weeks with strain 17 virus (c). Confluent monolayers of CV-1 cells were overlaid on to cultures of long-term infected cells after removal of NGF (d, photographed 2 days after overlay with CV-1 cells). NGF was applied to flasks that had been pre-coated with 0.1 mg/ml poly-L-ornithine (Greene & Rukenstein, 1989 ).
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for 21 days, can support productive infection with HSV (Rubinstein & Price, 1983 , 1984 . Previous studies, however, were limited to high multiplicity infections and the short-term analysis of virus production occurring within 1 day following infection.
To determine the pattern of virus behaviour in NGFtreated PC12 cells following long-term (greater than 2 weeks) infection, PC12 cells (from the ATCC) were seeded, in the absence of collagen, at low densities onto either 75 cm 2 or 35 cm 2 culture surfaces at a density of 106 and 2 x 106 cells respectively ( Fig. 1 a) . Briefly, cells were treated with 75 ng/ml of N G F (Collaborative Research) for at least 2 weeks in RPMI medium (containing 10% heat-inactivated horse serum and 5 % fetal bovine serum; Gibco). Medium was replaced every 3 days. After 2 weeks as shown in Fig. 1 (b) , over 90 % of the cells had extended, long, narrow processes, at least two cell diameters in length, which is characteristic of the effect of N G F on these cells (Greene & Tischler, 1976) . It is noteworthy that N G F treatment alone results in the apparent loss of at least 50 % of the cells from culture, presumably due to clumping and detachment.
Following at least 2 weeks of differentiation in NGF, PC12 cultures were infected with approximately l0 G p.f.u, of HSV-1 per 75 cm 2 flask. Higher titres of virus have been used, with results similar to those described below, the only exception being that greater cytotoxicity was seen. Examples of NGF-treated cells, 4 weeks after infection with virus, are shown in Fig. 1 (c) . Cell morphology and neurite networks were still largely intact, even after long-term infection. Although the remaining cells appeared structurally intact and were observed to be viable by trypan blue exclusion (data not shown), infection did result in the further loss of at least Text) . NGF was washed out of the medium at the time shown by the arrow (a). At the indicated times after infection, aliquots of medium were removed and the number of p.f.u, was determined by a standard plaque assay on monolayers of CV-1 cells. Each value is presented as total p.f.u, in the culture and is the average of three determinations from a single experiment.
30% of the cells within 1 week. Hence, virus-infected NGF-treated cultures usually contained approximately 35 % of the numbers of cells that were initially seeded. However, NGF-treated uninfected cultures contained 50 % of the cell numbers originally seeded. Following an initial virus growth phase, which peaks within the first few days post-infection, there is a steady decline in the amount of virus recovered in the culture medium ( Fig. 2 a, b ). In one experimental series (Fig. 2 a) , the level of virus in the medium dropped to approximately 500 to 1000 p.f.u, per flask. Fig. 2(b) shows the production of virus by NGF-treated PC12 cells as a function of time after infection and in this case the level of virus dropped beneath the level of detection (less than 100 p.f.u, per flask) after 2 weeks.
Since the titre of virus in long-term infected cultures was low or undetectable, it was of interest to know how the virus titre would be affected following removal of NGF from the culture medium. Therefore NGF was washed out of the culture medium ( Fig. 2a ). Prior to NGF removal, the level of virus in the medium was less than 1000 p.f.u, per flask. Within 1 day following NGF removal, the amount of virus released into the culture medium had increased 100-fold, suggesting a productive infection yielding 1 to 5 p.f.u, per cell. This shows that the presence of NGF suppresses the appearance of virus in the medium and the removal of NGF is associated with increased virus production or release from infected cells. NGF-mediated suppression of virus production has been observed in other in vitro neuronal models of HSV latency (Wilcox et al., 1992) .
Although at 4 weeks after infection the morphology of NGF-treated PC12 cells was similar to uninfected cells (compare Fig. 1 b and c ) and the levels of virus in the supernatant were low or undetectable, it was possible that cells harboured virus genetic information but did not release infectious virus into the culture medium. To quantify the number of PC12 cells that harboured virus, and the number of viable cells, long-term cultures were harvested in the presence or absence of NGF and antibody to HSV-1 and used in an infectious centre assay. Separated cells were either examined for viability by trypan blue staining and haemocytometry or seeded onto monolayers of CV-1 cells (purchased from ATCC and maintained in Dulbecco's modified Eagle's medium containing 5 % horse serum). Table 1 shows that all of the PC12 cells surviving longterm infection released virus following their delivery onto permissive monolayers of CV-1 cells. Rabbit antibody (Accurate Chemical) to HSV-1 was used at the time of harvesting to reduce the possibility of spreading of free virus to uninfected PC12 cells. The amount of antibody used per sample was effective in neutralizing more than 105 p.f.u. (data not shown). The number of infectious centres corresponded to the number of PC12 cells inoculated onto the CV-1 monolayers. This suggests that most PC12 cells in long term cultures harboured intact, infectious HSV. The presence or absence of NGF in the culture medium of cells following delivery onto the CV-1 monolayers made little difference to the number of plaque-forming infectious centres. The significance of this is unclear.
Since we and others have shown that HSV genomes are maintained in a non-linear form (possibly monomer circles) in non-dividing neurons derived from latently * Per 32 cm 2 well. Cells were treated prior to the assay with NGF for at least 2 weeks and then infected with HSV-1 and incubated for 2 weeks.
? PC 12 cells were trypsinized and sedimented in medium containing serum, then seeded onto CV-1 cell monolayers (in the presence or absence of NGF) at the indicated density in medium with methylcellulose.
:[ Three days after seeding, HSV-1 plaques were stained with neutral red. At least three wells were counted for each dilution and three sets of PC12 cells were used.
§ At 75 ng/ml. I[ND, Not determined; too many plaques to count. infected mice (reviewed in Fraser et al., 1991) , it was of interest to determine the structure of the virus genome in the PC12 cells maintained in long-term infected culture. To achieve this, total viral DNA was prepared either from cells or partially purified virion extracts, digested with restriction enzyme BamHI (BRL), resolved in a 0.8 % agarose gel transferred onto nitrocellulose paper by Southern blotting and hybridized to a radioactive viral probe that recognizes the HSV genomic BamHI restriction fragment SP (Rock & Fraser, 1985) . The results are shown in Fig. 3 . Probe SP recognizes terminal BamHI fragments of 2"6 and 3'2 kb (S and P) and an internal fragment of 5"8 kb (SP; Fig. 3a ; Rock & Fraser, 1985) . The 5.8 kb internal BamHI fragment is derived from the fusion of the 3.2 and 2.6 kb terminal fragments. In unit length linear genomes, the 5.8 kb fragment occurs in a 1:1 ratio relative to the terminal fragments. This ratio is therefore indicative of unit length linear genomes. In concatenates of the viral genome, the internal SP fragments would be present in an increased amount relative to the terminal fragments S and P. Productively infected cells would contain genomes of all classes, including unit length linear and concatenated forms. Genomes that exist as unit length circles would not contain any terminal fragments (P and S would be absent). Fig. 3 (b) shows that virus DNA derived from virions contained approximately the expected ratio of SP to S and P fragments. The experimentally determined ratio of SP to S plus P in virion-derived DNA, shown in Fig. 3 b, was 0.74, as measured by densitometry scanning (Table  2) . DNA isolated from productively infected cells . DNA was isolated from HSV virions, infected CV-1 cells or HSV-1-infected PCI2 cells treated with NGF, as described by Block et al. (1990) . Blots were probed with a plasmid containing HSV-1 B a m H I restriction fragment SP. The relative mobility of HSV B a m H I fragments S, P and SP is indicated. Fig. 3 (b) were quantified by analysis with a Microsystems Bioimager. Values of the relative amounts of each band are expressed as arbituary intensity units. f See Fig. 3(b) .
provided a similar profile with an SP to S plus P ratio of 0.65 ( Fig. 3 b and Table 2 ). However, the DNA derived from the long-term infected culture was clearly different, with little detection of S and P (Fig. 3b) . The SP to S plus P ratios, as determined by densitometry, of long-term infected cell DNA shown in Fig. 3 (b) was 9.9. Since the
iI1~. : Fig. 4 . In situ transcription of the HSV genome in NGF-treated PCI2 cells. The cells, growing on glass slides, were treated with N G F and infected with HSV as in Fig. 1 . Four weeks after infection, cells were hybridized, by in situ methods (Deatly et al., 1988) , to either a LAT (the 0-9 kb DNA BstEII BstEII fragment used by Valyi-Nagy et al., 1992) fraction of end fragments was greatly reduced compared to that seen in linear DNA, the overall pattern was consistent with the theory that the viral DNA in longterm cultures is maintained as either a circular, long concatemer or an integrated (into the host chromosome) form. These include the forms o fviral DNA suggested to be present in latently infected neurons derived from mice (reviewed in Fraser et al., 1991) and are similar to the state of viral DNA seen in a fibroblast model of HSV latency (Harris & Preston, 1991) . Another characteristic of neurons derived from latently infected mice and humans is that transcription of the viral genome is restricted to a single contiguous region of the genome called the LAT (reviewed in Fraser et al., 1992) . It was therefore of interest to know whether LATs, but not transcripts of other regions of the viral genome, were produced in the cells of long-term infected cultures. PC 12 cells growing on slides were treated with N G F and infected with HSV-1, as before, for at least 2 weeks following infection. The slides were then prepared for analysis by in situ hybridization to probes specific for either the LATs or gC (Deatly et at., 1988) . The LAT probe detects transcripts synthesized both during productive and latent state infection. The gC probe will detect transcripts from the gene that specifies gC, a late virus transcript, and is therefore a marker of productive infection. Fig. 4 shows typical results of in situ hybridization experiments. Similar results were obtained in two separate experiments. LAT transcripts were detected in between 2 and 15 % of the PC 12 clusters examined from infected populations (Fig. 4a, b ). However, inside these clusters (consisting of 10 to 100 cells) usually only one to four cells were LAT-positive. These cells were located on the periphery of the clusters and seemed to be almost exclusively bipolar cells (having two large processes originating from opposite sides of the cell body). Significantly, no hybridization to the gC probe, was detected ( Fig. 4c, d ). This suggests that productive infection, if occurring, is below the detection limit of the assay and occurs in a minority of cells (fewer than 1 in 10000 cells). The reason why less than 1% of the cells express detectable LATs while 100 % harbour virus (as determined by an infectious centre assay) is not clear.
This heterogeneity with respect to LAT expression may indicate the presence of 'de-differentiated' cells, which have become permissive for viral gene expression. Since gC expression was not detected in more than 10 ~ cells examined, by in situ hybridization, the permissiveness for LAT in even 1% of the population is selective. The LATs have been regarded as the best marker of the presence of a latent infection by HSV in vivo. The failure to detect uniform LAT expression in this model of latency appears to conflict with data from in vivo systems. It may be, however, that even in vivo there are many latently infected cells that are LAT-negative. The LATpositive neurons in vivo may be a subset of the total latently infected population. In that case, the long-term culture described here may be more typical of the non-LAT latent population.
Under the conditions described here, HSV can engage in an apparently benign long-term relationship with most (if not all) NGF-treated PC12 cells. That is, most NGF-treated PC 12 cells were viable and morphologically similar to uninfected cells, for several weeks following virus infection. After an initial period of crisis in which virus progeny (produced at the rate of approximately 1 to 5 p.f.u, per cell) were produced, the cultures assumed a stable but very low level of virus production. The initial rise in virus titre (within the first few days after infection) and subsequent drop may reflect the replication of virus in the subpopulation of PC12 cells that had not adequately responded to NGF. Perhaps most of these cells are eventually eliminated from the cultures following virus replication, leaving only (or predominantly) terminally differentiated PC12 cells which either harbour the virus in a quiescent state or had not been infected. Alternatively, replication of virus may occur in NGFtreated cells without killing cells. If this is the case, it is unclear why replication eventually ceases.
NGF-treated PC12 cells infected with HSV and growing in tissue culture for at least 2 weeks after inoculation are described in this report as a long-term rather than latent infection. This is because we have reserved the designation of latent infection for those situations in which there is absolutely no evidence of virus production in the system. The amount of virus released by long-term cultures several weeks after infection with HSV varied between experiments from less than 1000 p.f.u, per flask (of 105 cells) to undetectable levels. The variation may reflect differences in the stability and completeness of the NGF-mediated differentiation between cultures. The removal of NGF from the culture was associated with a dramatic rise in the amount of virus released into the medium. This shows that NGF is necessary to maintain the quiescent HSV phenotype in these cultures and is analogous to the results reported by others for latent HSV infections of neuronal cells growing in tissue culture (Wilcox et al., 1990) .
The long-term infected PC 12 cells are therefore similar to neurons in latently infected animals in several important aspects. These include harbouring viral DNA in a reactivatable form and in a non-linear state, and restricted transcription of the viral genome. The relative lack of LAT expression by these cells is an interesting difference from the in vivo situation. It may reflect peculiarities of the PC12 system or represent an example of latency in neurons that do not express LAT. More work must be carried out to resolve these questions.
